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AbstractThis paper proposes a novel variable flux 
memory (VFM) machine, in which the constant permanent 
magnet (PM) (CPM) with high coercive force and the variable 
PM (VPM) with low coercive force are alternatively located in 
the interior-PM (IPM) rotor. Thus, the VPMs and CPMs are 
magnetically connected in series, with which the CPMs can 
assist the VPMs to withstand the unintentional 
demagnetization caused by armature reaction. Therefore, a 
high armature current can be applied to the machine. 
Meanwhile, the reluctance torque is retrieved. Thus, a high 
torque density can be obtained. Based on two-dimensional (2-
D) finite element (FE) analysis, the electromagnetic 
performance of the proposed VFM machine in two extreme 
magnetization states is firstly evaluated in detail. Then, the 
demagnetization and re-magnetization characteristics are 
investigated, in which the working points of VPMs are 
illustrated. Furthermore, the advantages of improved 
efficiency of the proposed VFM machine are demonstrated. A 
prototype machine is manufactured and tested to validate the 
predictions.  
Keywordseffciency; memory machine; permanent magnet; 
series connection; torque; variable flux  
I.  INTRODUCTION  
Permanent magnet (PM) machines benefit from high 
torque density and high efficiency, which have been 
extensively investigated and employed [1], [2]. Nevertheless, 
their relatively constant air-gap flux makes the effective flux-
weakening operation become a challenge, which has 
restricted their applications in variable-speed systems. Many 
investigations have been carried out to enhance the flux-
weakening capability of PM machines. The vector control 
principle has been successfully applied, and a negative d-axis 
armature current (-id) is injected to counter the PM flux and 
thus effectively reduce the induced voltage [3], [4]. However, 
-id is continuously required to conduct the flux-weakening 
control, which expends armature current capacity and 
produces extra copper loss. Besides, the dual-part rotor 
technique has been presented [5], [6], in which a reluctance 
rotor and a surface-mounted PM rotor are axially combined, 
together with one common stator. As a consequence, the 
machine saliency ratio is increased and the flux-weakening 
capability is improved. Nevertheless, the machine robustness 
and torque density are sacrificed.  
Therefore, variable flux memory (VFM) machines have 
been proposed to offer an alternative solution [7], in which 
the low coercive force PM, i.e. variable PM (VPM), is 
employed. In [7], [8], the tangentially magnetized VPMs are 
inserted in the rotor, and their magnetization state can be 
varied by a current pulse, while dissipating negligible copper 
loss. As a result, the PMs are flexibly controlled to obtain the 
most appropriate state for each operation point, and hence the 
flux-weakening can be easily achieved. In VFM machines, id 
is employed to vary the magnetization state of VPMs while 
q-axis current (iq) is simultaneously used for torque 
generation.  
In [9], [10], based on the flux-intensifying interior-PM 
(IPM) machines which are characterized with a saliency ratio 
greater than one, i.e. d-axis inductance (Ld) is higher than q-
axis inductance (Lq) due to q-axis flux barriers in the rotor, 
the corresponding VFM machines are presented. 
Consequently, the positive reluctance torque is obtained with 
+id while the magnetization state of VPM can be stabilized 
simultaneously, avoiding unintentional demagnetization. The 
benefits of these VFM machines in improving efficiency are 
evaluated in [11]. Moreover, the spoke-type IPM rotor has 
been employed to boost the PM usage volume and hence the 
torque output [12], [13]. However, these VFM machines still 
suffer sacrificed torque densities due to the employment of 
weak VPMs and complicated flux barriers. Alternatively, 
stator-PM machines incorporated with the VFM concept have 
been presented [14]-[17], in which an additional field 
winding on the stator is required to control the DC current for 
magnetization and demagnetization. Thus, the torque density 
is further sacrificed due to space conflict in the stator.  
To improve the torque density of VFM machines, the 
hybrid PM topologies in which both VPM and constant PM 
(CPM) with high coercive force, e.g. NdFeB, are employed, 
have been developed [18]. The CPMs provide a constant field 
whilst the VPMs offer an additional variable component. The 
variation of PM flux is still achievable, and meanwhile, the 
torque density is boosted thanks to the employment of CPMs. 
In [18]-[20], the VPMs and CPMs are located on the same 
rotor pole with parallel magnetic circuits. However, the cross-
coupling between two types of PMs is severe in these parallel 
hybrid PM VFM machines, in which the CPMs tend to 
automatically demagnetize the VPMs and thus the working 
point of VPMs is very difficult to hold [21]. In addition, in 
order to avoid the unintentional demagnetization, id is seldom 
used during torque generation and thus the reluctance torque 
is absent. A fractional-slot VFM machine with VPMs and 
CPMs alternatively surface-mounted on the rotor, is 
investigated, in which all VPMs are magnetized with the 
identical polarity while all CPMs have the other identical 
polarity [22], [23]. Therefore, two types of PMs are 
magnetically connected in series. The CPM flux can assist the 
VPM to withstand the unintentional demagnetization, and the 
harmful cross-coupling is greatly alleviated. Nevertheless, 
due to the surface-mounted PMs and the fractional-slot stator 
structure, the reluctance torque is still absent and the torque 
capability is limited in this machine.  
To the best of authors knowledge, up to date, the torque 
densities of the existing VFM machine topologies are always 
sacrificed, which are normally lower than 20kNm/m3. To 
boost the torque density of VFM machines, a novel series 
hybrid PM VFM machine, which employs full-pitched 
windings and a V-shaped IPM rotor with alternatively placed 
VPMs and CPMs, is proposed and investigated in this paper. 
The novel machine inherits the feature of variable flux and 
benefits from the improved torque density [24].  
The paper is organized as follows. In section II, the 
topology and operating principle of the proposed VFM 
machine are described, with particular attention to the 
advantages of series hybrid PM structures. Then, in section 
III, the electromagnetic performance of the novel VFM 
machine is comprehensively evaluated based on two-
dimensional (2-D) finite element (FE) analysis. The 
characteristics of demagnetization and re-magnetization are 
illustrated in section IV, followed by the analysis of 
efficiency improvement in section V. Finally, a prototype 
machine is manufactured and the experimental validation is 
carried out in section VI.  
II. MACHINE TOPOLOGY AND OPERATING PRINCIPLE 
The proposed series hybrid PM VFM machine is 
illustrated in Fig. 1, in which the three-phase 48-stator-slot/8-
rotor-pole structure that is similar to the commercial Toyota 
Prius2010 IPM machine is employed. The full-pitched 
armature winding and IPM rotor are employed to obtain the 
reluctance torque, and the V-shaped PMs are employed to 
improve the available PM flux. Moreover, the CPMs and 
VPMs are alternatively located on different rotor poles, i.e. 
one rotor pole is composed of CPMs while the adjacent pole 
consists of VPMs. All CPMs are magnetized with the 
identical polarity while all VPMs have the other polarity. As 
a result, the CPMs and VPMs are magnetically connected in 
series.  
 
Fig. 1 Cross section of the proposed series hybrid PM VFM machine.  
A. Operation of VPM 
The feature of variable magnetization in VFM machines 
depends on the characteristics of VPMs. Fig. 2 shows the 
operation of the VPM under open-circuit conditions. Due to 
the non-linear B-H curve in Quadrant II, the magnetization 
state of the VPM is easy to vary by an external field. For 
instance, based on the initial working point A, it will shift to 
point B that is lower than the knee point if a large 
demagnetization magnetomotive force (MMF) is applied. 
Then, the working point will move along the recoil line BD 
and terminate at point C when the negative MMF is released. 
Afterwards, if a magnetization MMF pulse is applied, the 
working point can shift to point F along the curve CDEF, 
which indicates the re-magnetization has been conducted. 
Consequently, it can be found that the working point of the 
VPM can be flexibly varied by applying different MMF 
pulses.  
 
Fig. 2 Illustration of the operation of VPM (B: flux density, H: magnetic field 
strength).  
B. Series connection 
The proposed VFM machine features with a series 
magnetic connection between VPMs and CPMs. The 
magnetic circuit of series connection can be simplified in Fig. 
3(a), where FCPM, FVPM, Rm_CPM, and Rm_VPM represent the 
equivalent MMFs and intrinsic reluctance of CPM and VPM 
respectively, whilst Rm_d is the equivalent external d-axis 
reluctance. It can be seen that the CPM flux has to go through 
the VPM, and hence it naturally assists the VPM to withstand 
the unintentional demagnetization caused by armature 
reaction. In fact, the VPM working points as shown in Fig. 2 
would actually shift from points A, C, F to points A, C, F 
respectively, when the CPMs are present in a series hybrid 
PM connection. Therefore, the flux density in the VPM is 
enhanced by the CPM, and it becomes more stable. In 
contrast, as the conventional parallel connection shown in Fig. 
3(b) [15]-[17], the CPM flux potentially short-circuits via 
VPM branch, and it cannot help VPM to withstand the 
unintentional demagnetization. The CPM even demagnetizes 
the VPM if two branches are not balanced. Consequently, the 
working point of the VPM with parallel hybrid PM 
connection would be lower than that without CPM, indicating 
that the VPM may be very easily demagnetized in parallel 
hybrid PM VFM machines.  
As the series hybrid PM VFM machines inherently 
benefit from an improved capability of resisting unintentional 
demagnetization, the complicated flux barriers employed to 
alleviate cross-coupling and prevent demagnetization in the 
conventional VFM machines [6]-[9], [16], can be avoided. 
This greatly eases the machine design and improves the 
mechanical strength. More importantly, -id turns to be 
acceptable during torque generation, with which the 
reluctance torque can be obtained.  
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Fig. 3 Illustration of connection types between VPM and CPM.  
III. ELECTROMAGNETIC PERFORMANCE IN TWO TYPICAL 
MAGNETIZATION STATES 
Based on 2-D FE analysis, the electromagnetic 
performance of the proposed VFM machine is 
comprehensively evaluated, in which two typical states, i.e. 
VPM fully forward or fully reverse magnetized, are 
illustrated. The key design parameters of the machine are 
listed in Table I, in which the stator and armature windings 
are the same as the Prius2010 IPM machine. The SmCo and 
NdFeB PM materials are used as VPM and CPM respectively.  
Table I. 
Key design parameters of proposed VFM machine. 
Parameter Value 
Phase number 3 
Slot number 48 
Pole number 8 
Axial length 50.8 mm 
Stator outer diameter 264 mm 
Stator inner diameter 161.9 mm 
Rotor outer diameter 160.44 mm 
Rotor inner diameter 68 mm 
Air-gap length 0.73 mm 
Steel grade 35H270 
Number of turns per coil 11 
Number of coils per phase 8 
CPM Br 1.2 T 
CPM Hc 915 kA/m 
CPM thickness 6.5 mm 
VPM Br 1.14 T 
VPM Hc 335 kA/m 
VPM thickness 7 mm 
Rated current density 26.8 A/mm2 
 
The open-circuit field distributions in the two 
magnetization states are presented in Fig. 4. The VPMs are 
outward magnetized and CPMs are inward magnetized in the 
fully forward magnetization state, while all PMs are inward 
magnetized in the fully reverse state. Obviously, the flux is 
easy to pass through the VPMs and higher flux densities can 
be observed in the forward magnetization state, as shown in 
Figs. 4(a) and (c). In contrast, in the fully reverse 
magnetization state, although the CPMs are strong enough to 
counter the VPMs and make the flux flow outward in the 
VPMs, the resultant flux densities are significantly lower than 
the first state. Meanwhile, the flux lines prefer to bypass the 
VPMs and thus the magnetic saturation is severe in the rotor 
iron bridges.  
Furthermore, the open-circuit radial flux densities on air-
gap are compared in Fig. 5, in which the waveforms in the 
fully forward state is entirely higher than the fully reverse 
state, and a much higher fundamental value can be found. The 
significant difference in amplitudes between the air-gap flux 
densities in the two states implies the capability of a wide 
range of flux variation. Meanwhile, since flux density periods 
are kept the same in the two states, the rotor pole-pair number 
is unchanged even the VPMs are reversely magnetized. 
 
(a) Flux density, forward 
magnetization 
(b) Flux density, reverse 
magnetization 
(c) Flux line, forward magnetization (d) Flux line, reverse magnetization
Fig. 4 Open-circuit field distributions in fully forward and reverse 
magnetization states.  
 
(a) Waveforms 
 
(b) Spectra 
Fig. 5 Open-circuit air-gap radial flux densities in fully forward and reverse 
magnetization states. 
The phase back electromotive-forces (back-EMFs) at 
1500 r/min in the two states are shown in Fig. 6. The 
corresponding fundamental amplitudes are 117V and 48V in 
the forward and reverse states respectively, revealing that a 
maximum available flux variation range between 41% and 
100% can be achieved. 
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Fig. 6 Open-circuit phase back-EMFs at 1500 r/min in fully forward and 
reverse magnetization states. 
The cogging torques in the fully forward and reverse 
magnetization states are shown in Fig. 7. As the rotor pole-
pair number is constant in different states, the cycle numbers 
of cogging torque are identical. However, the amplitude of 
cogging torque in the forward state is remarkably higher due 
to the stronger magnetic field.  
 
Fig. 7 Cogging torques in fully forward and reverse magnetization states. 
Compared to the conventional VFM machines, the high 
torque density is a major advantage of the proposed VFM 
machine, which will be analyzed in detail. Fig. 8 illustrates 
the average torque versus current angle (the phase angle 
between phase current and open-circuit back-EMF), with the 
rated current amplitudes of 236A. It can be observed that the 
peak torque approximately occurs at 40° in the forward 
magnetization state, and a significant reluctance torque 
(around 25% compared with the total torque output) is 
obtained. Thanks to the series magnetic connection of CPMs 
and VPMs, the capability of resisting unintentional 
demagnetization is greatly improved. It is safe to apply id 
and thus the reluctance torque is retrieved. Consequently, a 
feature of IPM machines, viz. existence of reluctance torque, 
is inherited in the proposed VFM machine, which benefits the 
overall torque density. The torque output is significantly 
lower in the reverse magnetization state due to the weaker 
magnetic field, while the reluctance torque still exists. The 
corresponding torque waveforms at the current angle of 0° 
and the current angle exhibiting the highest torque 
respectively are presented in Fig. 9. Furthermore, in the fully 
forward magnetization state, the average torque versus iq is 
illustrated in Fig. 10, albeit with the average torque versus 
current amplitude under the current angle exhibiting the 
highest torque at each point. It can be seen that the ratio of the 
reluctance torque to the overall torque increases with the 
increasing of current amplitudes.  
 
Fig. 8 Average torque versus current angle in fully forward and reverse 
magnetization states. 
 
Fig. 9 Torque waveforms in fully forward and reverse magnetization states. 
 
Fig. 10 Average torque versus current amplitude with different current angle 
in the fully forward magnetization states.  
IV. DEMAGNETIZATION AND MAGNETIZATION 
The demagnetization and magnetization of VPMs should 
be investigated, which are always challenging, especially for 
rotor-PM VFM machines without field windings [6], [9], [16], 
[18].  
A. Unintentional demagentization with iq 
The VFM machines should withstand the unintentional 
demagnetization caused by iq. Thanks to the assistance of 
CPMs, the proposed series hybrid PM VFM machine can 
keep the working point of VPM unaffected by iq. Fig. 11 
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depicts the fundamental back-EMFs at 1500 r/min after 
different iq excitations, based on the fully forward 
magnetization state. The back-EMFs only have a slight drop 
even when the current is very high.  
 
Fig. 11 Peak fundamental phase back-EMFs at 1500 r/min after different iq 
excitations from fully forward magnetization state.  
B. Demagentization and magnetization with id 
The demagnetization from the fully forward 
magnetization and the re-magnetization from the fully 
reverse magnetization are illustrated in Fig. 12, where the 
fundamental back-EMFs after id (demagnetization) and +id 
(re-magnetization) are presented. The VPMs can be entirely 
demagnetized to the opposite polarity based on the fully 
forward magnetization state, when an approximately 3 times 
rated current is applied. Afterwards, the full re-magnetization 
can be obtained if an around 6 times rated current is injected.  
The magnetization characteristics of the VPM during 
demagnetization and magnetization are investigated and 
presented in Fig. 13, in which the working points of the VPM 
are specified. Initially, in the fully forward magnetization 
state, the open-circuit working point of the VPM locates at 
point M, which is among the stable region on the 
demagnetization curve. Then, the working point would move 
below the knee point with id=-150A, and the irreversible 
demagnetization happens. Moreover, the working points 
decline continuously along the demagnetization curve in 
Quadrants II and III with id increasing, and the VPM would 
be fully demagnetized if id=-2000A is applied. It should be 
noted that this current is much higher than the required 
current for fully demagnetization which is demonstrated 
previously, which will be explained as follows.  
The VPM working point locates at point N in the fully 
reverse magnetization state. The VPM already has been 
partially re-magnetized by the CPM under the open-circuit 
conditions, since the magnetization polarities of VPM and 
CPM are inherently opposite when the VPM operates in the 
reverse magnetization state. With the increase of +id, the 
VPM working points ascend continuously. The full 
magnetization can be obtained with +id=1600A. Once the 
VPM has been fully re-magnetized, the working point would 
return to point M after the current is released. Hence, the 
VPM working point is flexibly adjusted by applying different 
id, with which the variation of PM flux is achieved.  
The re-magnetization of the VPM is facilitated by the 
CPM in the proposed VFM machine, but it is still challenging 
since the magnetic saturation is severe during magnetization. 
On the other hand, with the aid of the CPM, the VPM is 
difficult to be demagnetized, even when id is applied for the 
intentional demagnetization. Nevertheless, it is actually not 
necessary to demagnetize the VPM to the lowest working 
point by id=-2000A, since it would automatically shift to 
point N due to the re-magnetization of CPM. Therefore, it is 
enough to demagnetize the VPM to the working point P, with 
which it would automatically move to point N along the recoil 
line PN after the current is released. As a result, the full 
demagnetization has been realized as well whilst the required 
current is remarkably reduced.  
 
Fig. 12 Peak fundamental phase back-EMFs at 1500 r/min after different 
positive and negative id excitations.  
 
Fig. 13 Working points of the VPM during demagnetization and 
magnetization.  
In order to further demonstrate the magnetic 
characteristics in the demagnetization and re-magnetization, 
a monitoring line AB inside the VPM is employed, as 
illustrated in Fig. 1. It should be noted that the two pieces of 
VPMs in one rotor pole are symmetrical when id is applied. 
The flux densities along the magnetization direction on the 
monitoring line AB after demagnetization and re-
magnetization are shown in Figs. 14(a) and (b) respectively. 
id=-750A can approximately fully demagnetized the VPMs 
based on the fully forward state, and id=+1600A can make the 
VPMs back to the fully forward state again. However, it 
should be noted that the VPM portions close to d-axis 
position are easy to be demagnetized or re-magnetized by id 
while the portions close to q-axis position are difficult to be 
affected. As a result, the uneven field distributions inside the 
VPMs may occur if they are not fully demagnetized or fully 
re-magnetized, with which the spatial harmonics and local 
saturation could be increased, degrading the machine 
performance.  
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(a) Demagnetization from fully forward magnetization state 
 
(b) Re-magnetization from fully reverse magnetization state 
Fig. 14 Flux densities in the central line inside the VPM after 
demagnetization and re-magnetization.  
In the previous analysis, it is revealed that the VPMs can 
be magnetized or demagnetized with the appropriate id, and 
the full magnetization and demagnetization states are 
obtained if id is high enough. The magnetic saturation has a 
significant influence on the required demagnetizing and 
magnetizing currents, since the severe saturation occurs with 
a high id applied. It should be mentioned that the full flux 
variation range is not always necessary, while a relatively 
narrower variation range may be employed and hence the 
required demagnetizing and magnetizing currents can be 
reduced. With the 450A current limit in the study system, the 
VPMs can be demagnetized to exhibit the fundamental back-
EMF of around 63V, as shown in Fig. 12, which is 54% 
compared to the back-EMF in the full forward magnetization 
state (54% magnetization state).  
V. EFFICIENCY IMPROVEMENT 
A major benefit of VFM machines is the elimination of 
the continuous id during high speed operation, which leads 
to higher efficiency. Therefore, it is useful to investigate the 
efficiency performance of the proposed series hybrid PM 
VFM machine. With the bus voltage of 650V and current 
limit of 236A, the efficiency map of the proposed VFM 
machine is predicted. The iron losses and copper losses with 
different currents are swept based on FE method, and the 
optimum efficiency at each operation point is obtained [25].  
Figs. 15(a) and (b) illustrate the efficiency maps in the 
fully forward and the 54% magnetization states respectively. 
It can be observed that the higher torque output is obtained in 
the fully forward magnetization state, and the efficiency is 
high in the low speed-high torque region. In contrast, 
although the torque output is sacrificed in the 54% 
magnetization state, the efficiency in the high speed-low 
torque region is significantly improved. Consequently, it is 
beneficial to flexibly switch the magnetization state at 
different operation regions, e.g. full magnetization during 
high torque region while partial magnetization during high 
speed region. As a result, a new efficiency map combining 
the advantages can be obtained, as shown in Fig. 15(c). 
 
(a) In the fully forward magnetization state 
 
(b) In the 54% magnetization state 
 
(c) Integration of the two magnetization states 
Fig. 15 Efficiency maps in different magnetization states.  
VI. EXPERIMENTAL VALIDATION 
In order to validate the previous analysis on the proposed 
VFM machine, a prototype machine is manufactured and 
tested. The key design parameters of the fabricated prototype 
machine are listed in Table I, and the essential components 
are presented in Fig. 16. The stator of the Prius2010 IPM 
machine has been directly employed, but the rotor is distinct. 
The NdFeB PMs have been fully magnetized before fitting 
into the rotor, while the non-magnetized SmCo PMs are 
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employed, which implies the post-assembly magnetization is 
required for SmCo PMs.  
The test platform is shown in Fig. 17. The positive id 
=450A, which is the maximum available current of the 
inverter, is firstly applied to magnetize the VPMs. Then, the 
open-circuit back-EMF and torque output are measured. The 
3-D FE simulations are employed to consider the end effect. 
Fig. 18 shows the FE-predicted and measured phase back-
EMFs at 1500 r/min after id=450A magnetization (maximum 
available magnetization state), and a relatively good 
agreement can be observed between the measured and 3-D 
FE results. Furthermore, with id =0 control strategy, the 
average torques with different iq are measured and compared 
to the FE predictions in Fig. 19. The measured results agree 
with the 3-D FE predictions. Moreover, it is important to 
verify the reluctance torque of the proposed machine, to 
which both id and iq components should be applied. Fig. 20 
shows the dynamic torque waveforms with both id and iq 
components. With the almost constant iq, the resultant torque 
remarkably increases when id is applied, which reveals that 
the reluctance torque makes a significant contribution to the 
torque output. In addition, the 2-D FE-predicted torques 
based on the corresponding currents are presented as well, in 
which the FE results agree well with the measured results.  
 
(a) Rotor lamination (b) Assembled rotor 
 
(c) Stator (d) Rotor fitting in stator 
Fig. 16 Prototype of the proposed series hybrid PM VFM machine.  
 
Fig. 17 Test platform for torque measurement.  
 
Fig. 18 Measured and 2-D, 3-D FE-predicted phase back-EMFs at 1500 r/min 
in the maximum available magnetization state.  
 
Fig. 19 Measured and 2-D, 3-D FE-predicted average torques versus iq in the 
maximum available magnetization state.  
 
(a) With maximum iq =100A, id = -100A 
 
(a) With maximum iq =100A, id = -100A 
Fig. 20 Measured and 2-D FE-predicted dynamic torque waveforms with 
both iq and id components.  
VII. CONCLUSIONS 
In this paper, a novel series hybrid PM VFM machine is 
introduced, which overcomes the drawback of sacrificed 
torque density in the conventional VFM machines. The 
VPMs and CPMs are alternatively placed on adjacent rotor 
poles, and thus two sets of PMs are magnetically connected 
in series. The working point of VPMs is stable even if id is 
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applied, as the CPM flux can assist the VPMs. Therefore, it 
is safe to employ a high current. Moreover, the reluctance 
torque is regained when the IPM rotor and full-pitched 
armature windings are employed. Thus, the torque density is 
remarkably improved (as high as 80kNm/m3). Further, it has 
revealed that the machine efficiency can be increased by 
flexibly adjusting the PM magnetization state. However, it 
can be noted that the required demagnetizing and re-
magnetizing currents are relatively high in the prototype 
machine, which exceed the current rating of the inverter and 
thus limit the performance. In the future work, a 
comprehensive design of the machine should be carried out 
to relieve the magnetic saturation and reduce the required 
currents. The directly inherited stator from the Prius2010 
IPM machine should be modified, and more importantly, the 
PM dimensions should be optimized, together with the 
selection of the most appropriate VPM material.  
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